2.5 ¹m) and measured by either a federal reference method (FRM) or a federal equivalent method (FEM) as de ned in 40 CFR 53. The CFR provides new comprehensive speci cations for PM 2:5 FRM samplers, as well as explicit procedures required for testing the samplers to show that the speci cations are met. In addition, the CFR mandates speci c operational procedures for the FRM operator for collecting, handling, and weighing the PM 2:5 samples and for quality assurance and data quality assessment.
The purpose of this paper is to provide a brief overview of the PM 2:5 FRM and FEM. This overview highlights the salient instrumental and procedural requirements for the new PM 2:5 measurement standard as described in the CFR and also summarizes the formal EPA requirements for designating commercial samplers as reference methods or equivalent methods under 40 CFR 53. Speci cations and requirements for FRM samplers and related sample handling are found in 40 CFR 50 Appendix L (U.S. EPA 1999a). Requirements for designation of FRMs and FEMs are contained in 40 CFR 53 (U.S. EPA 1999b). PM 2:5 monitoring network implementation requirements are prescribed in 40 CFR 58 (U.S. EPA 1990c), with operational quality assurance and data quality assessment requirements given in Appendix A. The contents of these various regulations are identi ed in more detail in Table 1 In this paper, all references to the CFR are speci cally to Title 40, unless stated otherwise. Also, speci c sections within the CFR are cited to indicate where the full, more detailed formal requirements and speci cations can be found. For example, " §53.60" refers to 40 CFR, Part 53, Section 60, and " § §50.L.7.4.8-10" refers to 40 CFR, Part 50, Appendix L, Sections 7.4.8 through 7.4.10.
DESCRIPTION OF THE PM 2:5 REFERENCE METHOD
A schematic diagram of the sample collection portion of the PM 2:5 FRM sampler is shown in Figure 1 . The PM 2:5 FRM is an integrated, gravimetric method intended to provide a through an inlet speci cally designed to reject insects and atmospheric precipitation and to be insensitive to wind speed and direction. An impactor integral with the inlet removes particles nominally larger than 10 ¹m from the sampled air (Tolocka et al. 2001) . A second inertial particle size separator (well impactor ninety-six, WINS) located downstream of the inlet removes particles nominally greater than 2.5 ¹m, and the remaining PM 2:5 is collected on a polytetra uoroethylene (PTFE) Te on sample lter (Peters et al. 2001) . This sample lter is conditioned and manually weighed before and after sample collection to determine the net mass gain. The net mass gain is divided by the measured sample volume to determine PM 2:5 mass concentration.
To maintain a high level of precision among PM 2:5 FRM samplers produced by various manufacturers, the characteristics of the sampler are speci ed explicitly and comprehensively in the CFR. Generally, EPA attempts to specify monitoring methods by performance in order to promote competition among instrument manufacturers, potentially leading to innovations in instrument design and manufacturing. Toward this end, many of the FRM speci cations are performance based. However, some critical characteristics of the FRM sampler are speci ed by design-based criteria. The design and fabrication of the sample-handling components, including the inlet, particle size separator, lter holder, and associated parts, are critical to achieve good precision. Comprehensive speci cation of these components by performance is complex and dif cult, and the tests that would be necessary to demonstrate compliance with such speci cations are elaborate and expensive, requiring highly specialized test facilities. To simplify the speci cations and preclude the high testing costs, it is far more practical to specify these critical components by design so that all sampler manufacturers can fabricate them in an essentially identical manner.
As mentioned, the FRM sampler is a combination of design-( §50.L.7.3) and performance-based ( §50.L.7.4) requirements. Table 2 lists the design-based components of the FRM, along with speci c sections and gures in the CFR where the actual speci cations appear. Components or aspects of the FRM sampler that are design-based include the PM 2:5 lter, sampler inlet, downtube, impactors, upper sections of the lter holder assembly, surface nish of all interior surfaces exposed to the sample, a ow rate measurement adapter, and the sampling inlet height. Design and assembly drawings for these components are provided in Appendix L of 40 CFR 50. All other FRM requirements are performance based and are listed in Table 3 with pointers to appropriate section references. These performance-based requirements include the sample ow rate, ow rate control system, ow rate regulation, ow rate cut off, ow rate measurement, leak testing capability, ambient temperature measurement, ambient barometric pressure measurement, lter temperature The sampler must be capable of operating outdoors while providing protection for the sample from precipitation, wind, and dust. The sampler is expected to operate at ambient temperatures from ¡30 to C45 ± C, at ambient relative humidities from 0 to 100%, and at ambient barometric pressures from 600 to 800 mm Hg. For sites that experience extremely cold tempera- 
REQUIREMENTS FOR DESIGNATION OF PM 2:5 FRMs
Requirements and provisions for designation of candidate FRMs are described in 40 CFR 53 Subparts A and E. General designation requirements for candidate methods and the application and designation process are documented in Subpart A ( §53.4) and include conditions of designation ( §53.9). Speci c test procedures and test requirements are set forth in Subpart E.
All PM 2:5 FRM instruments must be manufactured in an ISO 9001-registered facility. Candidate FRMs must be tested and meet speci ed test requirements for various performance aspects, which are summarized in Table 5 , along with the appropriate section references that explicitly describe the test requirements. Also, all FRMs must include a comprehensive instruction manual that clearly and adequately describes the proper installation, calibration, operation, and maintenance of the instrument.
Reference method samplers may be designed to have an automatic lter-changing mechanism to provide unattended sequential sample capability, provided that the design includes no signi cant modi cations to the design-speci ed sample transport components. Minor physical modi cations to those components that have been determined to have no signi cant affect on the sampling characteristics may be approved by the EPA on a case-by-case basis to accommodate sequential sampling. However, for a sequential sampler to be designated as an FRM rather than an FEM, no substantial modi cations may be made to the design-based speci cations listed in Table 2 . All sequential samplers, whether FRM or FEM, must demonstrate that inactive Figure 2 shows a ow chart of the decision matrix applicable to differentiating between an application for FRM and FEM status.
REQUIREMENTS FOR DESIGNATION OF PM 2:5 FEMs
Obtaining a high degree of precision in PM 2:5 measurements from various samplers requires rigorous instrumental intercomparison. To minimize the testing burden, three classes of FEMs are de ned, based on their degree of dissimilarity to the FRM requirements. In general, moving to a higher class in the equivalency designation, from Class I to Class II to Class III, indicates greater deviation from the FRM and requires more extensive testing for equivalency veri cation. Figure 3 provides a ow chart for determining the applicable candidate equivalent method Class for the equivalency request process ( §53.1).
Similarly to the FRM, all FEMs must be manufactured in an ISO 9001-registered facility. Also similarly to the FRM, all FEMs must include a comprehensive instruction manual that describes instrumental installation, calibration, operation, and maintenance. In addition to meeting all applicable FRM requirements, all FEMs must be tested and meet the requirements for comparability to a FRM, as described in § §53.30, 53.31, and 53.34.
Class I equivalent methods are those that have only minor modi cations from the reference method, primarily intended for modi cations to the design-speci ed sample transmission components of the FRM in order to accommodate a sequential sampling mechanism. In contrast to FRM sequential sampling, Class I FEM sequential sampling may be performed with an instrument modi ed at or above the lter. Class I FEMs must undergo the same testing as the FRM, with the addition of an internal aerosol transport test. The internal aerosol transport test is to determine if there is any loss of PM by air ow splitting devices or other design changes upstream of the lter. A candidate method is required to achieve an aerosol transport of 97% through each channel to be designated as a Class I FEM. A ow chart summarizing a PM 2:5 FEM Class I testing procedure is shown in Figure 4 . Testing requirements for Class I FEMs are described in 40 CFR 53 Subparts C ( § §53.30, 31, 34) and E ( § §53.51-59) and are listed in Table 5 . Testing for Class I FEMs includes the same testing as required for the FRM.
Class II equivalent methods are 24 h integrated lter collection techniques that rely on gravimetric analysis, but have signi cant design or performance deviations from the reference method. For example, a modi ed sampling inlet, modi ed downtube, or substitution of a cyclone separator instead of the WINS are deviations from the FRM that could be designated as Class II FEMs. The Class II FEM must undergo more extensive testing than the FRM and Class I FEM, with the tests being speci c to the nature of the modi cations in the candidate method. Additional testing may include all or some subset of the following tests: full wind tunnel test, wind tunnel aspiration test, static fractionator test, loading test, and volatility test. A ow chart summarizing the PM 2:5 FEM Class II testing procedure, shown in Figure 5 , indicates which of the tests are necessary for a given FEM. These tests are described in detail in 40 CFR 53 Subpart F.
Class III equivalent methods are methods that do not fall under Class I or Class II designation because of further deviation from the FRM, but that still provide mass concentration measurements of PM 2:5 comparable to the reference method. The two primary sampling categories that fall into this class are non-lter-based techniques and continuous (or semicontinuous) analyzers. Types of instruments that may obtain Class III equivalency status include beta attenuation, harmonic oscillation, and optical detection. Speci c requirements for designation as a Class III FEM are not provided in the CFR because of the wide range of technologies that might be employed for PM 2:5 mass measurement. As a result, speci c Class III FEM testing and other requirements would be developed by EPA on a case-by-case basis. Class III FEMs may be required to undergo any or all of the testing required for validation as an FRM, Class I FEM, and Class II FEM, as well as additional testing speci c to the sampling technology (U.S. EPA 1998b).
OPERATIONAL PROCEDURES FOR THE PM 2:5 REFERENCE METHOD
The CFR provides general speci cations regarding conditioning, weighing, and handling of PM 2:5 sample lters ( §50.L.8). Much more detailed guidance and recommended procedures for these topics are described elsewhere (U.S. EPA 1998a). Filters must be conditioned in a controlled environment of 20-23 § 2 ± C Downloaded by [University of Oklahoma Libraries] at 14:15 14 May 2014 and 30-40 § 5% relative humidity for at least 24 h prior to both the pre-and post-sampling weighings. The analytical balance used for lter weighing must have a readability of §1 ¹g and should be located in the conditioning chamber. Both weighings of each lter should be performed on the same balance, if possible, making use of an electrostatic charge neutralizer and good weighing practices. The presampling weighing of the lter must be within 30 days of sampling. The post-sampling weighing of the lter must be within 10 days of sampling unless the lter is kept at ·4 ± C immediately following lter retrieval, in which case the weighing must be within 30 days. (This later time limit may be prorated at intermediate storage temperatures between 4 and 25 ± C.) Both laboratory and eld blanks are used for quality control. Flow rate calibration is discussed in the CFR ( §50.L.9). Speci c method operation and sampler maintenance must be performed according to the operations manual provided by the manufacturer, with supplemental guidance provided by the EPA (1998a). Items related to lter preparation procedures, weighing procedures, instrumental calibration, data reporting requirements, and sampler maintenance are listed in Table 6 .
SUMMARY
The ne particle FRM is de ned by a combination of both design-and performance-based criteria set forth in EPA regulations at 40 CFR 50 Appendix L. A speci c commercial model of a FRM sampler is formally designated by EPA as a PM 2:5 FRM on the basis of a designation application documenting that the sampler has been tested in accordance with explicit test procedures prescribed in 40 CFR 53 and has been shown to meet all applicable requirements speci ed in 40 CFR 50 Appendix L and 40 CFR 53. An alternative PM 2:5 measurement technique that does not meet the quali cation requirements of the reference method may be similarly designated by the EPA as a FEM if it is tested and shown to meet the applicable requirements speci ed in 40 CFR 53. Three classes of ne particle FEMs are described in the CFR based on the degree of similarity to the reference method requirements in design, performance, and measurement technique. Class I FEMs have minimal deviations from the FRM. Class II FEMs have more signi cant deviations but are still designed to collect 24 h integrated lter samples for gravimetric analysis. Class III FEMs include all other alternative methods-particularly continuous or nonintegrated monitoring methods-that can be demonstrated to provide comparable measurements to those of the FRM. Because of the variety of possible measurement techniques that could be utilized, Class III FEMs are evaluated by the EPA on a case-by-case basis for possible designation.
